The combination of disease-specific human induced pluripotent stem cells (iPSC) and directed cell differentiation offers an ideal platform for modeling and studying many inherited human diseases. Wilson's disease (WD) is a monogenic disorder of toxic copper accumulation caused by pathologic mutations of the ATP7B gene. WD affects multiple organs with primary manifestations in the liver and central nervous system (CNS). In order to better investigate the cellular pathogenesis of WD and to develop novel therapies against various WD syndromes, we sought to establish a comprehensive platform to differentiate WD patient iPSC into both hepatic and neural lineages. Here we report the generation of patient iPSC bearing a Caucasian population hotspot mutation of ATP7B. Combining with directed cell differentiation strategies, we successfully differentiated WD iPSC into hepatocyte-like cells, neural stem cells and neurons. Gene expression analysis and cDNA sequencing confirmed the expression of the mutant ATP7B gene in all differentiated cells. Hence we established a platform for studying both hepatic and neural abnormalities of WD, which may provide a new tool for tissue-specific disease modeling and drug screening in the future.
INTRODUCTION
Wilson's disease (WD) is an autosomal recessive disorder of copper metabolism caused by monogenic mutations. The disease affects between 1 in 30,000 and 1 in 100,000 individuals, and invariably results in severe disability and death if untreated (Ala et al., 2007) . The disease gene ATP7B encodes for a copper transporting P-type ATPase which is critical in the distribution and elimination of excess copper from cells. Various WD associated mutations of ATP7B disrupt the transport activity of the protein, which also results in protein mislocalization and reduced stability (Huster et al., 2012) . WD is characterized by the toxic accumulation of copper in the liver and subsequently in the central nervous system (CNS) and other organs, thereby causing severe liver damage and/or neurological abnormality. Excessive copper can also accumulate in other parts of the body including eyes and kidneys. To date, molecular genetics analysis has revealed more than 500 different mutations of ATP7B associated with WD (http://www.wilsondisease.med.ualberta.ca/database.asp) (Kenney and Cox, 2007) .
The liver manifestation of WD often presents in childhood into early adulthood. Hepatic copper homeostasis is dependent on both copper transport activity and localization. ATP7B is in charge of delivering copper to apo-ceruloplasmin within the trans-Golgi network, and transporting excessive copper out of hepatocytes for the subsequent excretion via the bile (Murata et al., 1995; Terada et al., 1999; Forbes and Cox, 2000) . The main biochemical defect of WD in liver is the hepatic copper accumulation caused by the disrupted biliary copper efflux (Forbes and Cox, 2000) . Numerous diseaserelated mutations of ATP7B have been identified and suggested to correlate with the hepatic manifestations of WD. However, the hepatic copper levels of WD patients may vary © Higher Education Press and Springer-Verlag Berlin Heidelberg 2012 among individuals depending on bioavailability and genetic factors. The mechanisms behind this variability are complex. Robust genotype-phenotype correlation of missense mutation of ATP7B in WD has not been clearly characterized yet (Schilsky, 2009) .
In addition to the more common manifestation in the liver, WD also affects the CNS at high prevalence. When first discovered in 1912, WD was described by a neurologist as a familial nervous disease causing progressive lenticular degeneration (Wilson, 1912) . Previous research has indicated that 40%-50% of WD patients will develop pathological symptoms in the CNS (Walshe, 1962) . Neurological signs of WD generally tend to be developed later than the hepatic symptoms. Patients with the CNS affected are often believed to have liver disease at the time of presentation, but they may not be symptomatic from the liver disease (Ala et al., 2007) . It has been proposed that some genotype of WD, like the most common mutation in the Caucasian population H1069Q, is associated with a later onset of neurological disease; however, the correlation of neurological manifestation with most genotypes of WD is still elusive (Stapelbroek et al., 2004; Lorincz, 2010) .
The fact that WD presents with various phenotypes and affects different organs complicates the diagnostic process and treatment. Once the diagnosis of WD is established, except for the option of orthotopic liver transplantation, a lifelong treatment with copper chelator or zinc salts is necessary. Furthermore, the mechanisms underlying its hepatic and neural manifestations are still largely elusive, which jeopardizes the discovery of new drug or novel therapy for WD. The growing knowledge of the disease gene ATP7B and the advancing of the human induced pluripotent stem cell (iPSC) technology have opened up new opportunities to model and study WD. The strategy to generate iPSC from WD patients with disease-specific mutations and the subsequent differentiation of patient iPSC into various disease-affected cell types renders a promising platform in vitro to better investigate the pathogenesis of WD in different tissues as well as to potential gene correction and cell-based therapy in the future. Recently, the generation of human iPSC harboring an Asian hotspot mutation of WD has been reported (Zhang et al., 2011) . Here we report the generation of human iPSC from a novel Caucasian hotspot mutation of WD and the establishment of hepatic and neural platforms using the WD iPSC.
RESULTS
WD patient primary fibroblasts were obtained from Telethon Genetic Biobank Network (http://dppm.gaslini.org/biobank/, Italy). Patient fibroblasts were expanded in vitro and the genotypes were examined by genomic DNA extraction and sequencing. An ATP7B M769V homozygous mutant patient fibroblast line (FFF0101990) was chosen as an example for further studies due to its high prevalence in Europe. The M769V mutation (ATG to GTG) is a disease-associated missense mutation of ATP7B gene (Kenney and Cox, 2007) . It is located in the frequently mutated exon 8 and is one of the hotspot mutations of WD in the Caucasian population (Curtis et al., 1999; Huster et al., 2004; Lepori et al., 2007) . Biochemical analysis has revealed a significantly impaired transport activity of the M769V mutant ATP7B (Huster et al., 2012) . We firstly reprogrammed the patient fibroblasts to iPSC by retroviruses encoding Oct4, Sox2, Klf4, c-Myc and green fluorescent protein (GFP) (Takahashi et al., 2007) . iPSC-like colonies emerged three weeks after transduction coinciding with the loss of GFP expression, which is an indicator of epigenetic silencing of retroviral-transgenes in pluripotent cells (Fig. 1A) . iPSC colonies were manually picked and expanded in feeder-free condition on matrigel. The WD patient-origin of the established iPSC lines were attested by genotyping specifically to the M769V point mutation (Fig. 1B) . WD iPSC exhibit typical human pluripotent stem cell morphology and ubiquitously expressed pluripotent markers Oct4, Sox2 and the surface antigen TRA-1-60 (Figs. 1A and 1C). The pluripotency of the WD iPSC was examined by embryoid body (EB) based spontaneous differentiation in vitro, and differentiation into all three primary lineages was detected (Fig. 1D) .
Among all WD affected organs, liver and brain are the ones with the highest prevalence. We firstly sought to differentiate WD iPSC into the hepatic lineage. We utilized a previously established protocol with a few improvements to differentiate WD iPSC into hepatocyte-like cells (HLC) through three hepatic developmental stages (Song et al., 2009) . WD iPSC exhibited morphological changes through the proceeding of differentiation and the hepatic progenitor lineage commitment was demonstrated by the classical cubical cell shape ( Fig. 2A) . Immunofluorescent staining showed the homogenous expression of hepatoblast markers FoxA2 and Hnf4α at day 15 following differentiation ( Fig. 2B) . In order to better characterize the differentiation and maturation status of the HLC generated, we performed quantitative PCR (qPCR) to elucidate the gene expression profiles. Pluripotent markers Nanog and Oct4 were completely silenced after differentiation, and WD iPSC differentiated HLC showed dramatic induction of hepatic markers comparing to primary human hepatocytes (PHH) at D18 and D25 of differentiation (Fig. 2C) . The overexpression of alpha-fetoprotein (AFP) implied a fetal-stage immature character of the differentiated HLC, while a less but significant level of hepatocyte functional protein albumin (ALB) was also observed. Moreover, the WD HLC started to express considerable levels of markers specific for mature hepatocytes, the liver-specific dioxygenase Tdo2 and the most important cytochrome P450 enzyme CYP3A4, which indicated their relative maturation (Fig. 2C) . We next sought to perform in vitro functional assay to further attest the functionality of the differentiated WD HLC. Periodic Acid Schiff (PAS) staining clearly demonstrated the glycogen storage ability of WD HLC (Fig. 2D) . Furthermore, ELISA-based ALB secretion confirmed the significant levels of ALB production in WD HLC and the comparable hepatic differentiation efficiency to the human embryonic stem cells (hESC) derived HLC (Fig.  2E) . Therefore, we demonstrated that HLC can be efficiently differentiated from WD iPSC and are functional in vitro.
Besides the liver, the CNS is the second most commonly affected organ by WD. In order to better facilitate the neurological-specific pathological studies of WD, we next sought to differentiate WD iPSC into neural lineages. We firstly differentiated the WD iPSC into self-renewable neural stem cells (NSC) based on a recently reported method under chemically defined condition . The WD iPSC derived NSC were homogenous in neuroepithelial morphology and expandable with a high repopulation kinetics (Fig.  3A) . Similarly to their counterparts from hESC, WD iPSC derived NSC homogenously expressed high levels of NSC markers Nestin and Pax6 (Fig. 3B) . Importantly, since the neurological abnormalities of WD often manifest with aging, the establishment of self-renewable WD NSC renders a new opportunity for modeling aging-associated neurological abnormalities of WD in vitro. In addition, the neuron differentiation potential of the NSC was examined by pan-neural differentiation. Within 7 days, the passage 4 WD iPSC-derived NSC exhibited high efficiency of differentiating into pan-neurons, closely resembling their counterparts differentiated from hESC (Fig. 3C ). More interestingly, differentiation into Tyrosine hydroxylase (TH)-positive dopaminergic neurons was also observed (Fig. 3D) . It has been previously suggested that neurological WD correlates with deficit of dopaminergic neurons and may contribute to midbrain atrophy (Barthel et al., 2003; Strecker et al., 2006) . Therefore, the generation of WD specific dopaminergic neurons may provide an ideal platform for better investigation of the midbrain specific neurological defects of WD in vitro.
We next investigated if the mutant ATP7B is expressed in the differentiated cell types. The qPCR data revealed that the expression of ATP7B was highly induced in differentiated HLC, NSC and pan-neurons, compared to the undifferentiated status (Fig. 4A) . At the end, we designed primers to specifically amplify the mutation containing region from cDNA obtained from each cell type. The expressions of M769V mutant ATP7B cDNA transcripts were confirmed through cDNA sequencing (Fig. 4B) . These data suggest the mutant ATP7B is highly expressed in differentiated hepatic and neural cells, which endows both platforms great value for modeling and studying the hepatic and neural symptoms of WD in vitro.
DISCUSSION
Since first established in 2007, human iPSC have been widely used for modeling human genetic disorders. Combining with the recent advances in gene targeting technology, we have previously showed that human iPSC can recapitulate pathological defects and be genetically corrected from patients suffering monogenic diseases (Li et al., 2011a; Liu et al., , 2011b . Similarly to many other reports of iPSC-based disease modeling, efficient differentiation of patient-specific iPSC into disease-affected cell types represents a critical challenge to the success of the study. Among many established differentiation protocols, efficient differentiation of human pluripotent stem cells into functional hepatocytes is technically challenging, in spite of its tremendous application potential (Yi et al., 2012) . In line with many other reports, we observed that the HLC differentiated from patient iPSC resemble many important features to PHH and exhibit functionality in vitro, however, they do not fully match the maturation level of PHH. On the other hand, the human iPSC-derived HLC do have therapeutic potential, as it has been shown that human iPSC-HLC have functional and proliferative potentials in vivo after transplantation into an acute liver damage animal model (Chen et al., 2012) .
In many human genetic diseases, the inherited disorders often affect multiple cell types in different organs. Therefore, the successful establishment of different lineage-committed platforms is not only important but also required for a comprehensive investigation of the disease. Besides hepatic symptoms, manifestations in the CNS count second in all WD cases. Although the modeling of hepatic defects of WD using iPSC has been previously demonstrated (Zhang et al., 2011) , to our best knowledge, the establishment of neural lineages harboring ATP7B pathological mutation has never been reported. It has long been suggested that ATP7B might play a key roles in neurotransmissions. In addition, the neurotoxicity caused by abnormal copper accumulation in the critical brain regions by mutation of the ATP7B gene may lead to neurological defects of WD (Saito et al., 1999) . However, the pathological correlation of genotype-phenotype for neurologic WD is still largely unknown. Therefore, the generation of expandable WD specific NSC and neurons may open up new opportunities to better understand the pathogenesis of neurologic WD. Furthermore, as the WD often causes Tremor, Choreoathetosis and Parkinsonism-like syndromes in patients, the differentiation of various types of neurons including TH-positive dopaminergic neurons harboring WD specific mutation may potentially be useful for investigating the cellular mechanism of the WD associated neurologic syndromes.
As shown in this study, we report the successful generation of iPSC with a novel human ATP7B hotspot mutation and the establishment of both hepatic and neural differentiation platforms for WD-specific iPSC (Fig. 4C) . We observed that the mutant ATP7B gene is highly expressed in differentiated cells, which endows the value and potential application of using these cells for future studies, including disease modeling, drug screening and gene correction to generate disease-free cells for potential cell replacement therapy. In addition, the methodology and platforms established in our study can be readily applied to other hotspot mutations (e.g. H1069Q, R778L, et al.) of WD. Taken together, our study may provide new tools to facilitate the modeling of WD in vitro and may be well-suited for further follow-up studies in diverse fields of WD research.
MATERIALS AND METHODS

Cell culture
The human fibroblasts were cultured in DMEM (Invitrogen) containing 15% fetal bovine serum (FBS, Gemini), 0.1 mmol/L non-essential amino acids (Invitrogen), 1 mmol/L glutamax (Invitrogen), and 1 mmol/L sodium pyruvate (Invitrogen). H9 hESCs (WiCell Research) and iPSCs were maintained on a layer of mitotically inactivated mouse embryonic fibroblasts (MEFs) in hESC medium: DMEM/F12 (Invitrogen) supplemented with 0.1 mmol/L non-essential amino acids (Invitrogen), 1 mmol/L GlutaMAX (Invitrogen), 20% Knockout Serum Replacement (Invitrogen), 55 µmol/L β-mercaptoethanol (Invitrogen) and 10 ng/mL 21 bFGF (Joint Protein Central). hESCs and iPSCs were also cultured in Matrigel (BD Biosciences) with mTeSR medium (StemCell Technologies).
Generation of iPSC
For retrovirus production, 293T cells were transfected with the pMXs vectors carrying OCT4, SOX2, c-MYC, KLF4 or GFP cDNAs, together with the packaging plasmids (pCMV-gag-pol-PA and pCMV-VSVg) using Lipofectamine 2000 (Invitrogen). Retroviruses were collected 36-48 h after transfection, and filtered through a 0.45-µmol/L filter. For the generation of human iPSCs, human fibroblasts were seeded in a 6-well plate and spin-infected with a mix of high-quality retroviruses encoding OCT4, SOX2, KLF4, c-MYC and GFP in the presence of 4 µg/mL polybrene. Three infections on consecutive days were performed. Six days after the first infection, fibroblasts were gently individualized with TrypLE (Invitrogen) and seeded onto fresh MEFs in the fibroblast culture medium. After 24 h, the medium was switched to hESC medium, and changed every 1-2 days depending on cell density. To establish the iPSC lines, colonies were manually picked and transferred onto MEFs feeder cells for several passages before being transferred to Matrigel/mTeSR conditions.
EB based iPSC differentiation
For embryoid bodies (EBs) based differentiation, the iPSC colonies growing on MEFs were detached with dispase treatment, resuspended in DMEM/F12 medium supplemented with 0.1 mmol/L non-essential amino acids, 0.5 mmol/L L-glutamine, 10% FBS (Atlanta Biologicals), and 50 µmol/L β-mercaptoethanol and cultured in low attachment 6-well plates for 4 days. The EBs were then plated on gelatin-coated plates and maintained for another 7-10 days.
Immunofluorescence staining 4% formaldehyde in PBS was used to fix cells at room temperature (RT) for 20-30 min. After fixation, cells were exposed to 0.4% Triton X-100 in PBS for 5 min at RT. Cells were blocked with 10% FBS in PBS for 30 min and incubated with primary antibody for 1 h at RT or overnight at 4°C. Washing was conducted with PBS followed by incubation with a corresponding secondary antibody (Invitrogen) for 1 h at RT. Hoechst 33342 was used to stain nuclei. Primary antibodies were obtained from the following sources. Santa Cruz Biotechnology: anti-Oct4 (sc-5279 and sc-8628), anti-Sox2 (sc-17320); anti-TRA-1-60 (sc-21705); Cell Signaling Technology: anti-FoxA2 anti-AFP (#3143), anti-Hnf4α (#3113); Sigma: anti-Tuj1 (T2200), anti-SMA (A5228), anti-Map2 (M4403); Abcam: anti-Pax6 (ab5790); Pel-Freez: anti-Tyrosine Hydroxylase (P40101); Millipore: anti-Nestin (MAB5326); Covance: anti-Tuj1 (MMS-435P).
mRNA analysis and quantitative PCR
Total RNA was extracted using TRIzol (Invitrogen) followed by cDNA synthesis using iScript reverse transcription supermix (Bio-Rad). Quantitative PCR were performed using SsoAdvanced SYBR Green Supermix on CFX384 Touch Real-Time PCR detection system (Bio-Rad). Primer sequences are listed in Table S1 .
Hepatocyte-like cells differentiation
Differentiation of iPSC towards HLC was based on a previous report with minor modifications (Song et al., 2009) . The differentiation was started on small colonies of iPSC cultured on Matrigel. For the first 3 days of definitive endoderm induction, 50 ng/mL Wn3a was added together with 100 ng/mL Activin A. During the hepatic induction, 20 ng/mL BMP4 was used instead of 20 ng/mL BMP2. All cytokines were purchased from Peprotech. PAS staining of HLC was performed using a kit purchased from Sigma. ALB secretion was performed using Human Albumin ELISA Quantitation Set from Bethyl Laboratory. Primary human hepatocytes were obtained from Celsis In Vitro Technologies.
Neural stem cells and neuron differentiation
The generation and passaging of self-renewable NSC from iPSC was based on a previous report . For the spontaneous neuronal differentiation, 2000 NSCs were plated onto a Matrigel-coated 35 mm well, and maintained in NSC maintenance medium for 3 days. The NSC were then switched into differentiation medium containing DMEM/F12, 1× N2, 1× B27 (Invitrogen), 400 µmol/L dcAMP (Sigma), 200 µmol/L Ascorbic acid (Sigma), 10 ng/mL BDNF (Peprotech), and 10 ng/mL GDNF (Peprotech). Two days after being switched to differentiation medium, laminin (Sigma) was added to the cells to promote differentiation. Cells were maintained in differentiation medium for 14 days in total, and then immunostained for
